Introduction
============

Alcoholic liver disease and chronic hepatitis can progress into liver cirrhosis and then further develop into liver cancer, which is a natural process of hepatocarcinogenesis. However, the cellular and molecular mechanisms underlying the progression of liver cirrhosis to liver cancer are poorly understood.

It is well known that liver cancer stem-like cells (CSCs) have both self-renewal and tumorigenesis capacities and play a pivotal role in hepatocarcinogenesis.^[@bib1],\ [@bib2],\ [@bib3]^ Although liver CSCs have been successfully isolated from human hepatocarcinoma cell lines and cancer tissues,^[@bib4],\ [@bib5]^ little is known about the origin of liver CSCs during the development and progression of liver cirrhosis into hepatocarcinoma. Axin2 is a target gene and also a negative regulator of Wnt/β-catenin signaling.^[@bib6]^ The Wnt/Axin2 signaling cascade predominantly participates in maintaining self-renewal of normal stem cells and proliferation or differentiation of progenitor cells.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ A recent study indicates that Wnt signals-maintained hepatic Axin2+ cells have the capacity to self-renewal and play a role of liver stem cells.^[@bib11]^ Epigenetic dysregulation or mutation of Axin2 would promote or maintain cancer stem cell-like traits in lung cancer,^[@bib12]^ ovarian cancer,^[@bib13]^ osteosarcoma^[@bib14]^ and liver cancer.^[@bib15]^ Consequently, we hypothesized that hepatic Axin2+ cells might be responsible for the development of liver CSCs during the progression of liver cirrhosis to hepatocarcinoma.

Autophagy is an evolutionarily conserved physiological process in cell, generating intracellular nutrients, growth factors and energy to support cell survival and cellular activities during stress, such as nutrition deprivation, hypoxia or ischemia.^[@bib16],\ [@bib17]^ Such cytokines or growth factors can independently activate endogenous signals to stimulate cell reproduction and proliferation or even to promote cell stemness.^[@bib18],\ [@bib19]^ Because of the pathological changes, such as fibrosis, pseudolobar formation, reconstruction of the portal area and portal vein occlusion in liver cirrhosis, hepatocytes continuously undergo nutritional deprivation, hypoxia and ischemia,^[@bib20]^ which may lead to aberrant autophagy. Furthermore, previous studies have shown that aberrant autophagy promotes the survival of liver CSCs *in vitro*.^[@bib21]^ However, the pathophysiological role that autophagy may play in the generation of liver CSCs during the progression of liver cirrhosis to hepatocarcinoma and the responsible mechanism have not yet been investigated.

Recently, CD90 was confirmed to be a more stable marker for liver CSCs.^[@bib3],\ [@bib22]^ In this study, we identified hepatic Axin2+CD90+ cells as CSCs in liver cirrhosis, and indicated that autophagy-dependent hepatocyte growth factor (HGF)/Met/JNK and HGF/Met/STAT3 signaling activation was required for the generation of Axin2+CD90+ cells from Axin2+ cells during the progression of liver cirrhosis to hepatocarcinoma.

Results
=======

Aberrant autophagy is associated with the transition of Axin2+ cells into Axin2+CD90+ cells in liver cirrhosis to hepatocarcinogenesis
--------------------------------------------------------------------------------------------------------------------------------------

To determine the role of autophagy in the generation of Axin2+CD90+ cells in liver cirrhosis and the further development of hepatocarcinoma, human non-cirrhotic, alcohol-related, hepatitis B virus-related and hepatitis C virus-related cirrhotic liver samples were stratified according to the autophagy status, which was determined by western blot analysis of LC3-I to LC3-II conversion and P62 downregulation ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure SIA](#sup1){ref-type="supplementary-material"}). Given that CD90 is a stable marker for liver CSCs,^[@bib3],\ [@bib22]^ the exhibition of hepatic Axin2+CD90+ cells in the above samples was further detected by double immunofluorescence staining. [Figure 1b](#fig1){ref-type="fig"} and [Supplementary Figure SIIA](#sup1){ref-type="supplementary-material"} show that hepatic Axin2+CD90+ cells were present in cirrhotic liver samples with aberrant autophagy, whereas other samples without aberrant autophagy only exhibited Axin2+ hepatic cells. Flow cytometry analysis also revealed higher percentages of hepatic Axin2+CD90+ cells in cirrhotic liver samples with aberrant autophagy than those in samples without aberrant autophagy ([Figure 1c](#fig1){ref-type="fig"}).

More importantly, in contrast to liver cirrhosis without aberrant autophagy and hepatic Axin2+CD90+ cells, 3/4 individuals with alcoholic liver cirrhosis, 8/10 with hepatitis B virus liver cirrhosis and 4/5 with hepatitis C virus liver cirrhosis with aberrant autophagy and hepatic Axin2+CD90+ cells developed hepatocarcinoma during the 8-year follow-up period ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Immunofluorescence analysis showed that Axin2+CD90+ cells remained present in these hepatocarcinoma ([Figure 1d](#fig1){ref-type="fig"}).

To better trace the origin of these Axin2+CD90+ cells, a diethylnitrosamine-induced liver cirrhosis model was established in Axin2Cre;Rosa26EGFP rats whose Axin2+ cells were labeled by EGFP. In parallel with human samples, after stratification by aberrant autophagy at 4 weeks after the last diethylinitrosamine injection ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure SIB](#sup1){ref-type="supplementary-material"}), we also found that hepatic EGFP+CD90+ cells were significantly increased in cirrhotic livers with aberrant autophagy, whereas single EGFP+ cells were present in normal livers and cirrhotic livers without aberrant autophagy ([Figures 1b and c](#fig1){ref-type="fig"} and [Supplementary Figure SIIB](#sup1){ref-type="supplementary-material"}). Interestingly, 3/4 of these rat cirrhotic livers with aberrant autophagy and hepatic EGFP+CD90+ cells developed hepatocarcinoma within an additional 8-week observational period and hepatocarcinoma samples from these rats also contained these cells ([Figure 1d](#fig1){ref-type="fig"}). Collectively, these results indicated that aberrant autophagy was associated with the transition of Axin2+ into Axin2+CD90+ cells and the development of hepatocarcinoma from liver cirrhosis.

CD133^[@bib1]^ and Epcam^[@bib2]^ have been considered as biomarkers for liver cancer stem-like cells. However, low percentages of both Axin2+CD133+ and Axin2+Epcam+ cells have been detected in different types of liver cirrhosis from humans and rats, regardless of the autophagy status ([Supplementary Figures SIII and SIV](#sup1){ref-type="supplementary-material"}), suggesting that CD90 is a more reliable marker to trace liver cancer-like stem cells.

Axin2+CD90+ cells from liver cirrhosis show CSC properties
----------------------------------------------------------

Next, the role of Axin2+CD90+ cells in hepatocarcinogenesis was investigated. Axin2+CD90+, Axin2+CD90− and Axin2−CD90− cells were sorted from the above human and rat cirrhotic liver tissues with aberrant autophagy. The expression levels of the Sox2 and Oct4 stemness genes were significantly upregulated in Axin2+CD90+ cells in contrast to Axin2+CD90− cells, and there was little Sox2 and Oct4 expression in Axin2−CD90− cells ([Figure 2a](#fig2){ref-type="fig"}). Similarly, Axin2+CD90+ cells, but not Axin2+CD90− and Axin2−CD90− cells, formed significant spheres *in vitro* and developed into solid tumors in nude mice ([Figures 2b--d](#fig2){ref-type="fig"}). Immunohistochemistry revealed that these tumor xenografts were AFP+ and CK19−. More importantly, Axin2+CD90+ cells were still present in human originated-tumor xenografts and EGFP(Axin2)+CD90+ cells were present in rat originated-tumor xenografts ([Figure 2d](#fig2){ref-type="fig"}), suggesting that Axin2+CD90+ cells play roles of cancer stem-like cells that are crucial for the development of hepatocarcinoma in humans and rats.

Induction or inhibition of autophagy increases or reduces the transition of Axin2+ cells into Axin2+CD90+ cells in cirrhotic livers
-----------------------------------------------------------------------------------------------------------------------------------

We further tested the role of autophagy in the transition of Axin2+ cells into Axin2+CD90+ cells by pharmacologically inducing or genetically and pharmacologically inhibiting aberrant autophagy in rat cirrhotic livers. Four weeks after model induction, rats with non-autophagic liver cirrhosis were intraperitoneally injected with rapamycin twice per week for 4 weeks, while rats with liver cirrhosis and aberrant autophagy were randomized and injected intravenously with shRNA-Atg3 and shRNA-Atg7 lentiviruses twice per week or were intraperitoneally injected with chloroquine weekly for 4 weeks. Rapamycin, an agonist of autophagy, significantly increased the conversion of LC3-I to LC3-II and reduced the expression of p62 in non-autophagic cirrhotic livers, indicating aberrant autophagy induction in non-autophagic cirrhotic livers ([Figure 3a](#fig3){ref-type="fig"}). However, knockdown of Atg3 and Atg7 by shRNA-Atg3 and shRNA-Atg7 lentivirus injection ([Supplementary Figure SV](#sup1){ref-type="supplementary-material"}) significantly reduced the conversion of LC3-I to LC3-II and increased the expression of p62 in aberrant autophagic cirrhotic livers ([Figure 3a](#fig3){ref-type="fig"}). Treatment with chloroquine further increased the expression of both LC3-II and p62 ([Figure 3a](#fig3){ref-type="fig"}), demonstrating autophagy inhibition in rat aberrant autophagic cirrhotic livers. More interestingly, double immunofluorescence staining and flow cytometry revealed that autophagy induction significantly increased and autophagy inhibition clearly reduced EGFP (Axin2) and CD90 double-positive cells in rat cirrhotic livers ([Figures 3b and c](#fig3){ref-type="fig"}). These results suggested that the transition of Axin2+ cells into Axin2+CD90+ cells in cirrhotic livers was dependent on autophagy.

Autophagy-dependent HGF is required for the transition of Axin2+ cells into Axin2+CD90+ cells in liver cirrhosis
----------------------------------------------------------------------------------------------------------------

Previous studies have shown that HGF, interleukin (IL)-2R, IL-6, IL-16, IL-18 and CXCL12 expression are upregulated during the progression from liver cirrhosis to hepatocarcinoma.^[@bib23]^ Enzyme-linked immunosorbent assay showed that HGF levels but not IL-2R, IL-6, IL-16, IL-18 or CXCL12 levels were significantly elevated in sera from rats and human patients with aberrant autophagic liver cirrhosis, in contrast to sera from subjects with autophagy-negative liver cirrhosis ([Figure 4a](#fig4){ref-type="fig"}). Similarly, HGF expression levels were also significantly upregulated in the above human and rat cirrhotic livers with aberrant autophagy rather than in those without aberrant autophagy ([Figures 4b and c](#fig4){ref-type="fig"}). In addition to HGF expression in aberrant autophagic cirrhotic livers, induction of aberrant autophagy by rapamycin also resulted in HGF expression in non-autophagic cirrhotic livers. Nevertheless, inhibition of autophagy by Atg3 and Atg7 silencing or by chloroquine treatment significantly reduced the expression of HGF in rat cirrhotic liver tissues with aberrant autophagy ([Figure 4c](#fig4){ref-type="fig"} and [Supplementary Figures SVI and SVII](#sup1){ref-type="supplementary-material"}). Previous study has shown that methylation of HGF gene promoter by DNA methyltransferase1 (DNMT1) blocks HGF expression in cells.^[@bib24]^ We found that induction or inhibition of aberrant autophagy respectively reduced or increased expression of DNMT1 in cirrhotic livers, which caused increase in or decrease in HGF expression ([Figure 4c](#fig4){ref-type="fig"} and [Supplementary Figure SVI](#sup1){ref-type="supplementary-material"}). Hence, HGF expression was upregulated in liver cirrhosis in an autophagy-dependent manner via DNMT1 degradation.

To further evaluate the role of HGF expression in the autophagy-dependent transition of Axin2+ cells into Axin2+CD90+ cells, rats with aberrant autophagic liver cirrhosis were also randomized and treated with vector or HGF-shRNA lentiviruses for 4 weeks. Treatment with HGF-shRNA lentiviruses significantly reduced HGF expression, confirming the effectiveness of HGF silencing ([Figure 4c](#fig4){ref-type="fig"} and [Supplementary Figures SVI and SVII](#sup1){ref-type="supplementary-material"}). Further double immunofluorescence staining and flow cytometry analyses revealed that HGF knockdown significantly reduced EGFP+CD90+ cells in rat cirrhotic livers with aberrant autophagy ([Figures 4d and e](#fig4){ref-type="fig"}). Therefore, HGF is crucial for the autophagy-dependent transition of Axin2+ cells into Axin2+CD90+ cells during liver cirrhosis.

Autophagy-dependent HGF provides Met/JNK and Met/STAT3 signaling for the transition from Axin2+ cells into Axin2+CD90+ cells in liver cirrhosis
-----------------------------------------------------------------------------------------------------------------------------------------------

HGF binds to and activates its receptor cMet, which can further activate JNK and STAT3 signaling to regulate CSC self-renewal^[@bib25],\ [@bib26]^ and tumorigenesis *in vitro*.^[@bib27]^ To further elucidate the mechanism of Axin2+CD90+ cell generation, we sorted Axin2− and Axin2+ cells from different types of human cirrhotic livers that were first stratified according to autophagy status and HGF expression. The autophagy status, degradation of DNMT1 and HGF expression in sorted cells were confirmed by western blottings ([Figure 5a](#fig5){ref-type="fig"}). We found that, compared with Axin2− cells, Met and β-catenin were significantly expressed in Axin2+ cells from cirrhotic livers in an autophagy- and HGF-independent manner. However, Met, JNK and STAT3 were only significantly phosphorylated in Axin2+ cells with aberrant autophagy and HGF expression. As a result, CD90 was expressed in these Met/JNK- and Met/STAT3-phosphorylated Axin2+ cells but not in those Axin2− cells or Axin2+ cells without significant phosphorylation of Met/JNK and Met/STAT3 ([Figures 5a and b](#fig5){ref-type="fig"}).

Met and β-catenin were also significantly expressed in EGFP+ cells but not in EGFP− cells from transgenic rat cirrhotic livers, which was similar to that observed in human cells. CD90 was also exclusively expressed in Met/JNK- and Met/STAT3-phosphorylated EGFP+ cells with aberrant autophagy and HGF expression ([Figure 6a](#fig6){ref-type="fig"}). Moreover, inhibition of autophagy-dependent HGF by HGF-shRNAs transfection in rat liver cirrhosis significantly suppressed the phosphorylation of Met, JNK and STAT3 in EGFP+ cells and inhibited CD90 expression ([Figures 6a and b](#fig6){ref-type="fig"}). These results indicated that activation of autophagy-dependent HGF/Met/JNK and HGF/Met/STAT3 signaling was essential for the generation of hepatic Axin2+CD90+ cells from Axin2+ cells in liver cirrhosis.

Blockade of Met/JNK or Met/STAT3 signaling attenuates the transition of Axin2+ cells into Axin2+CD90+ cells in liver cirrhosis
------------------------------------------------------------------------------------------------------------------------------

To further evaluate the role of Met/JNK and Met/STAT3 signaling in the autophagy-dependent transition of Axin2+ cells into Axin2+CD90+ cells, rats with aberrant autophagic liver cirrhosis were randomized and administered with a specific inhibitor of JNK, SP600125, or a specific inhibitor of STAT3, stattic, for 4 weeks. EGFP+ cells with aberrant autophagy and HGF expression were then sorted ([Figure 7a](#fig7){ref-type="fig"}). Western blot analysis was performed to demonstrate that Met phosphorylation and expression and β-catenin expression were not influenced by treatment with either SP600125 or stattic; however, JNK and STAT3 phosphorylation was inhibited by SP600125 and stattic, respectively. As a result, CD90 was not expressed in these JNK- and STAT3-inactivated EGFP+ cells but was expressed in EGFP+ cells with phosphorylated JNK and STAT3, which were from cirrhotic livers treated with vehicle ([Figures 7a and b](#fig7){ref-type="fig"}).

In addition, immunofluorescence staining and flow cytometry also revealed that treatment with either SP600125 or stattic significantly reduced EGFP+(Axin2+)CD90+ cells in rat cirrhotic livers with aberrant autophagy ([Figures 7c and d](#fig7){ref-type="fig"}), suggesting that Met/JNK and Met/STAT3 signaling was required for autophagy-dependent generation of Axin2+CD90+ cells in liver cirrhosis.

Blockade of autophagy-dependent HGF/Met/JNK or HGF/Met/STAT3 signaling prevents hepatocarcinogenesis from liver cirrhosis by decreasing Axin2+CD90+ cells
---------------------------------------------------------------------------------------------------------------------------------------------------------

Since previous data have shown that Axin2+CD90+ cells possess cancer stem-like cell properties and that liver cirrhosis with rare Axin2+CD90+ cells fail to progress into hepatocarcinoma ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}), we found that rat liver cirrhosis without aberrant autophagy and EGFP(Axin2)+CD90+ cells did not develop hepatocarcinoma. However, induction of autophagy by rapamycin in those rats liver cirrhosis caused that 4/5 of the rat cirrhotic livers generated EGFP(Axin2)+CD90+ cells and developed hepatocarcinoma. We also found that while 3/4 of the rat liver cirrhosis with aberrant autophagy and EGFP+CD90+ cells developed hepatocarcinoma, none of the rats with liver cirrhosis and a reduced number of EGFP+CD90+ cells developed hepatocarcinoma after treatment with chloroquine, Atg3 and Atg7-shRNA lentiviruses or HGF-shRNA lentiviruses, or with SP600125 and static ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). [Figure 8](#fig8){ref-type="fig"} shows the representative histological findings of these liver samples, which were revealed by hematoxylin and eosin and Sirius staining at 8 weeks after the last treatment. Collectively, either inhibition of autophagy or autophagy-dependent HGF/Met/JNK or HGF/Met/STAT3 signaling was capable of preventing hepatocarcinogenesis from liver cirrhosis by decreasing the generation of Axin2+CD90+ cells.

Discussion
==========

Liver cirrhosis poses a high risk for hepatocarcinogenesis. In this study, we present novel insights into the progression from liver cirrhosis to hepatocarcinoma by identifying the origin of liver CSC-like cells in cirrhotic livers. We showed that hepatic Axin2/EGFP+CD90+ cells originated from Axin2/EGFP+ cells, aquired CSC properties in human and rat cirrhotic livers with aberrant autophagy, and contributed to hepatocarcinogenesis. The induction or inhibition of autophagy in cirrhotic livers promoted or prevented hepatocarcinogenesis by inducing or reducing the generation of hepatic Axin2/EGFP+CD90+ cells from Axin2/EGFP+ cells due to an increase or decrease in HGF expression. Further cytological experiments revealed that autophagy-dependent HGF expression in liver cirrhosis activated Met/JNK and Met/STAT3 signaling in hepatic Axin2/EGFP+ cells, resulting in the transition to Axin2/EGFP+CD90+ CSC-like cells. Either HGF knockdown or inhibiting the activation of Met/JNK or Met/STAT3 signaling in liver cirrhosis prevented the formation of Axin2/EGFP+CD90+ cells and further hepatocarcinogenesis. Our results indicate that in the mechanism of CSCs generation in liver cirrhosis, autophagy-dependent activation of HGF/Met/JNK and HGF/Met/STAT3 signaling plays a crucial role in hepatocarcinogenesis. Disruption of this process may provide a promising therapeutic approach to prevent the progression of liver cirrhosis into hepatocarcinoma.

Liver CSCs are a small subset of cancer cells that express the stemness-related transcription factors Sox2 and Oct4 and have potent capacity for self-renewal, differentiation and tumorigenesis.^[@bib1],\ [@bib2],\ [@bib3]^ Recently, liver CSCs have been isolated from hepatocarcinoma cell lines and some liver cancer tissues.^[@bib4],\ [@bib5]^ However, the mechanism of the origin of liver CSCs and their role in hepatocarcinogenesis is unclear. Liver CSCs are theoretically presumed to originate from normal stem cells,^[@bib28]^ and a recent study has shown that hepatic Axin2+ cells can self-renew in response to Wnt/β-catenin stimulation.^[@bib11]^ In the present study, we sorted cells from liver cirrhosis using the stemness-responsive marker, Axin2, together with a well-documented CSC marker, CD90, which shows stable expression in liver CSCs that does not vary in different cell lines.^[@bib22]^ We found that these hepatic Axin2+CD90+ cells expressed high levels of Sox2 and Oct4 and were capable of forming spheres *in vitro* as well as generating tumor xenografts *in vivo*. In addition, compared with cirrhotic livers with few or no Axin2+CD90+ cells, cirrhotic livers with high percentages of hepatic Axin2+CD90+ cells progressed to hepatocarcinoma. Furthermore, these Axin2+CD90+ cells were also present in the tumor xenografts and hepatocarcinoma tissues, which exhibited the asymmetric self-renewal division trait of CSCs.^[@bib29],\ [@bib30]^ In addition to the similar results obtained for hepatic EGFP+CD90+ cells from Axin2Cre;Rosa26EGFP cirrhotic rat liver with EGFP-tagged Axin2 cells, treatment that reduced the numbers of EGFP+CD90+ cells in rat liver cirrhosis significantly prevented hepatocarcinogenesis. These findings demonstrated that hepatic Axin2+CD90+ cells assume the responsibility of CSCs during the progression of liver cirrhosis to hepatocarcinoma.

The current study further demonstrated that the generation of hepatic Axin2+CD90+ cells from Axin2+ cells in liver cirrhosis was dependent on the activation of Met/JNK and Met/STAT3 signaling. Previous studies have shown that JNK and STAT3 signaling is crucial for the tumorigenesis of leiomyosarcoma,^[@bib27]^ self-renewal of glioma stem cells^[@bib25]^ and the CSC properties of non-small-cell lung cancer.^[@bib26]^ However, we showed that the activation of Met, as the upstream receptor tyrosine kinase, was critical to activating downstream JNK and STAT3 signaling and inducing CD90 expression in Axin2/EGFP+ cells. Either the inhibition of Met/JNK or Met/STAT3 signaling in liver cirrhosis by pharmacological inhibitors was capable of reducing the transition of sorted hepatic Axin2/EGFP+ cells into Axin2/EGFP+CD90+ cells and preventing hepatocarcinogenesis. Although Wnt/β-catenin signaling comprehensively participates in inducing and maintaining the CSC phenotype in several cancers,^[@bib31],\ [@bib32],\ [@bib33]^ we found that β-catenin was significantly expressed in both hepatic Axin2/EGFP+CD90− cells and Axin2/EGFP+CD90+ cells from liver cirrhosis and that β-catenin expression was not regulated by phosphorylated Met, indicating that Wnt/β-catenin signaling was not required for the transition of hepatic Axin2/EGFP+ cells into Axin2/EGFP+CD90+ cells. Conversely, Wnt/β-catenin signaling is required for hepatic Axin2+ cell self-renewal in normal livers,^[@bib11]^ and β-catenin was not expressed in Axin2/EGFP− cells but was expressed in Axin2/EGFP+ cells, which still exhibited a certain degree of Sox2 and Oct4 expression and clonality, suggesting that Wnt/β-catenin signaling was responsible for maintaining normal stemness characteristics in Axin2+ cells and that Met/JNK and Met/STAT3 signaling was responsible for the tumorigenicity of Axin2/EGFP+CD90+ cells in liver cirrhosis. Although epigenetic dysregulation of Axin2 would affect CSC-like traits by dysregulating Wnt/β-catenin signaling,^[@bib12],\ [@bib13],\ [@bib15]^ our data also indicated that under the context without dysregulation, Axin2/β-catenin signaling provided the stem cell context for other signaling to generate liver CSCs. Furthermore, in addition to the absence of Met phosphorylation in hepatic Axin2/EGFP− cells, Met expression was also significantly lower in hepatic Axin2/EGFP− cells than that in Axin2/EGFP+ cells. This finding indicated that adequate expression of Met was likely a prerequisite for its phosphorylation and the activation of downstream JNK and STAT3 signaling to induce the transition of Axin2/EGFP+ cells into Axin2/EGFP+CD90+ cells.

HGF is the ligand for Met phosphorylation.^[@bib34]^ Our results showed that both Met and downstream JNK and STAT3 were phosphorylated in Axin2/EGFP+ cells from liver cirrhosis with significant HGF expression. Knockdown of HGF expression in cirrhotic livers by shRNA interference effectively inhibited Met, JNK and STAT3 phosphorylation in EGFP+ cells, abrogated their transition into EGFP+CD90+ cells and reduced hepatocarcinogenesis, demonstrating that the generation of EGFP+CD90+ CSCs and hepatocarcinogenesis in cirrhotic liver occurred in an HGF/Met/JNK- and HGF/Met/STAT3-dependent manner. β-Catenin expression in both hepatic Axin2/EGFP− and Axin2/EGFP+ cells was not regulated by HGF expression in liver cirrhosis, further implying that HGF/Met/JNK and HGF/Met/STAT3 signaling was primarily responsible for tumorigenicity during the generation of Axin2+CD90+ CSCs in liver cirrhosis. However, the activation of HGF/Met/JNK and HGF/Met/STAT3 signaling in hepatic Axin2+/EGFP+ cells and the subsequent transition into Axin2+/EGFP+CD90+ cells relied on autophagy in liver cirrhosis. Because of pathological changes, cirrhotic livers suffer from chronic dystrophy injury,^[@bib20]^ resulting in autophagy which supports cell survival against denutrition through nutrients and growth factors production.^[@bib16],\ [@bib17]^ We found that induction or inhibition of aberrant autophagy respectively reduced or increased expression of DNMT1 in cirrhotic livers, indicating the autophagy-mediated degradation of DNMT1.^[@bib35]^ DNMT1 blocks HGF expression in cells through methylating HGF gene promoter.^[@bib24]^ Autophagy presence or induction degraded DNMT1 and further induced expression of HGF in cirrhotic livers. Autophagy deficiency or interference in liver cirrhosis preserved DNMT1 expression and inhibited HGF expression and then failed to activate Met/JNK and Met/STAT3 signaling in Axin2+ cells. The most important, autophagy deficiency or interference effectively prevented hepatocarcinogenesis in liver cirrhosis by reducing the generation of Axin2+CD90+ CSCs through the inhibition of HGF/Met/JNK and HGF/Met/STAT3 signaling, supporting the notion that autophagy induction promotes neoplastic liver nodules.^[@bib36]^

In summary, our findings indicate that hepatic Axin2+CD90+ cells play a CSC-like role in the progression from liver cirrhosis to hepatocarcinoma. The origin of these liver cancer stem-like cells in liver cirrhosis is dependent on the autophagy-induced activation of HGF/Met/JNK and HGF/Met/STAT3 signaling in Axin2+ hepatic cells. Therefore, the manipulation of autophagy, HGF/Met/JNK or HGF/Met/STAT3 signaling in liver cirrhosis may effectively prevent hepatocarcinogenesis. If our findings are validated in a larger population of human patients, aberrant autophagy and elevated HGF expression may be valuable biomarkers to predict hepatocarcinogenesis in liver cirrhosis. Therapeutic targeting of aberrant autophagy and HGF may be new clinical strategies to prevent the progression of liver cirrhosis to hepatocarcinoma.

Materials and methods
=====================

More details of the experiment methods are available in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Human tissue samples
--------------------

A total of eight non-liver cirrhosis surgical samples and blood samples were collected from patients with hepatic hemangioma; 18 alcohol-related, 30 chronic hepatitis B-related and 18 chronic hepatitis C-related liver cirrhosis biopsied samples and blood samples were collected at Union Hospital, Tongji Medical College, Huazhong University of Science and Technology from September 2007. Those patients were followed-up to December 2015. Three surgical hepatocarcinoma samples from patients with alcohol-related liver cirrhosis, eight hepatocarcinoma samples from those with hepatitis B-related liver cirrhosis and four hepatocarcinoma samples from those with hepatitis C-related liver cirrhosis were collected by surgery. These tissue samples were immediately used for subsequent experiments or were fixed in paraformaldehyde and paraffin-embedded after biopsy or surgical removal. Histopathological diagnosis of hepatocarcinoma was performed according to World Health Organization criteria. Fibrolamellarhepatocarcinoma, cholangiocarcinoma and combined hepatocholangiocarcinoma were excluded. This study was approved by the Ethics Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology. Written informed consent was obtained from each patient.

Generation of transgenic rats
-----------------------------

To trace the origin of Axin2+CD90+ cells, an Axin2Cre rat whose Cre expression was controlled by Axin2 promoter was crossed with a ROSA26R-EGFP reporter rat to generate an Axin2Cre;Rosa26EGFP rat (Biocytogen, Beijing, China). In Axin2Cre;Rosa26EGFP rat, Cre cut the termination sequence between loxP sites in ROSA26R-EGFP and was labeled by EGFP. Axin2+ cells were labeled by EGFP through Cre expression.

Generation of lentiviral shRNA vectors
--------------------------------------

Specific shRNAs of Atg3, Atg7 and HGF were constructed and carried by lentiviral vectors with a specific albumin promoter.

Animal models
-------------

To establish a model of the progression of liver cirrhosis to hepatocarcinoma, 8-week-old male Axin2Cre;Rosa26EGFP SD rats were injected intraperitoneally with 50 mg/kg diethylinitrosamine (N0258-1G; Sigma-Aldrich, Shanghai, China) twice per week for 8 weeks. The rats were fed a regular diet for an additional 4 weeks. The rats were biopsied to evaluate the presence of liver cirrhosis and autophagy status. Rats with non-autophagic liver cirrhosis were intraperitoneally injected with rapamycin (2 mg/kg, S1039; Selleck, Shanghai, China) twice per week for 4 weeks. Rats with aberrant autophagic liver cirrhosis were then number randomized and injected intravenously with 1 × 10^9^ TU/ml shRNA-vector, shRNA-Atg3, shRNA-Atg7 and shRNA-HGF lentiviruses in transduction enhancement reagent (Envirus; Engreen Biosystem, Beijing, China) twice per week for 4 weeks. In addition, the rats also received chloroquine (50 mg/kg, an inhibitor of the late stage of autophagy; Sigma-Aldrich) weekly, with SP600125 (a JNK inhibitor, 15 mg/kg, S1460; Selleck) or stattic (a STAT3 inhibitor, 2 mg/kg, S7024; Selleck) administered twice per week by intraperitoneal injection for 4 weeks. A group of normal rats or rats with vehicle injection served as the control where appropriate. The rats were killed after an additional 4-week observation after the final treatment. The entire experimental period was 20 weeks.

Cytokines detection
-------------------

HGF, IL-2 R, IL-6, IL-16, IL-18 and CXCL12 levels in serum from individual patients and rats were analyzed by enzyme-linked immunosorbent assay using specific kits according to the manufacturers' instructions (Boster, Wuhan, China).

Flow cytometry
--------------

The percentages of human Axin2+CD90+, Axin2+CD133+ and Axin2+Epcam+ cells or rat EGFP+CD90+, EGFP+CD133+ and EGFP+Epcam+ cells were determined by flow cytometry using BD Accuri C6 (BD Biosciences, San Jose, CA, USA). The sorting of Axin2+CD90+, Axin2+CD90− and Axin2−CD90− cells and EGFP+CD90+, EGFP+CD90− and EGFP−CD90− cells was performed using a commercial sorter (FACSAria; BD Biosciences), which was also used to evaluate sphere and tumor xenograft formation capabilities. Axin2+ and Axin2− cells from each type of human cirrhotic liver, along with EGFP+ and EGFP− cells from rat cirrhotic livers with or without treatment, were sorted and further analyzed *in vitro*.

Tumor formation assay
---------------------

Individual nude mice were injected subcutaneously with 5 × 10^5^ human Axin2+CD90+, Axin2+CD90− and Axin2−CD90− cells or rat EGFP+CD90+, EGFP+CD90− and EGFP−CD90− cells, respectively. The formation and growth of implanted tumors were monitored for 8 weeks. The mice were then killed, and the tumor xenografts were dissected and compared in volumes.

Sphere formation assay
----------------------

The sorted human Axin2+CD90+, Axin2+CD90− and Axin2−CD90− cells and the rat EGFP+CD90+, EGFP+CD90− and EGFP−CD90− cells were cultured at a density of 1000 cells/well in Dulbecco\'s modified Eagle\'s medium/F12 medium (HyClone, Logan, UT, USA) supplemented with 2% B27 (Invitrogen, Waltham, MA, USA), 100 U/ml of penicillin and 100 μg/ml of streptomycin, 20 ng/ml epidermal growth factor and 20 ng/ml basic fibroblast growth factor (PeproTech; Rocky Hill, NJ, USA) using ultra-low attachment six-well plates (Corning, New York, NY, USA) for 2 weeks. The cells were exposed to fresh medium every 3 days. The formed spheres with diameters of \>75 μm were counted.

Western blotting
----------------

LC3-I/LC3-II conversion, P62, DNMT1 and HGF expression were detected by western blotting in above sorted cells and in different human and rat liver samples with or without treatment. Western blotting was also performed to detect the expression of Sox2 and Oct4, β-catenin and CD90 and the phosphorylation of Met, JNK and STAT3 in the sorted cells described above. The interference efficiencies of Atg3 and Atg7 were confirmed by western blot analysis in rat cirrhotic livers transfected with shRNA lentiviruses.

Immunocytofluorescence
----------------------

Immunocytofluorescence was performed using the sorted Axin2− and Axin2+ cells from human cirrhotic livers and sorted EGFP− and EGFP+ cells from rat cirrhotic livers described above.

Immunohistofluorescence
-----------------------

The expression levels of HGF, Axin2 and CD90 in different human and rat liver tissue samples were determined by immunofluorescence.

Immunohistochemistry
--------------------

The expression levels of α-fetoprotein and cytokeratin 19 in individual tumor xenograft samples were detected by immunohistochemistry.

Histology
---------

At 4 weeks after the last treatment (12 weeks after the last diethylinitrosamine injection), 4-μm-thick cross-sections of rat cirrhotic livers with different autophagy status and different treatments were cut and subjected to hematoxylin--eosin and Sirius staining.

Statistical analysis
--------------------

Sample size was computed by using formulas for two proportions comparison available on website: <http://powerandsamplesize.com/Calculators/>. All data are presented as the means±s.e.m. After demonstration of homogeneity of variance with the Bartlett test, one-way ANOVA, followed by the Student--Newman--Keuls test where appropriate, was used to evaluate statistical significance. Values of *P*\<0.05 were considered statistically significant. All experiments were performed in triplicate.
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![Transition of Axin2+ cells into Axin2+CD90+ cells during the progression of liver cirrhosis to hepatocarcinoma is associated with aberrant autophagy. Axin2/EGFP+CD90+ cells present in human and rat cirrhotic livers with aberrant autophagy that further progressed into hepatocarcinoma that maintained Axin2/EGFP+CD90+ cells. Four weeks after the last diethylinitrosamine injection, the biopsied Axin2Cre;Rosa26EGFP rat liver samples (*n*=4) and the biopsied human healthy livers (*n*=8) and alcohol- (*n*=6), hepatitis B virus- (*n*=10) and hepatitis C virus-related liver cirrhosis (*n*=6) samples were stratified according to (**a**) western blot analysis of the autophagy influx. These normal and cirrhotic liver tissues from human (left panel) and Axin2Cre;Rosa26EGFP rats (right panel) were then subjected to (**b**) double immunofluorescence staining and (**c**) flow cytometry to detect and quantify hepatic Axin2+CD90+ or EGFP+CD90+ cells. The dashed squares indicate higher magnification images of merged Axin2/EGFP+CD90+ cells in the lower right corner. Scale bar: 50 μm. The percentages of double-positive cells are shown in the upper right quadrants of the representative flow cytometry graphs. (**d**) After an 8-year follow-up and 8 weeks of additional observation, double immunofluorescence staining for hepatic Axin2/EGFP+CD90+ cells was performed in human (left panel, *n*=5) and rat (right panel, *n*=3) hepatocarcinoma tissues that progressed from liver cirrhosis with aberrant autophagy. The dashed squares indicate higher magnification images of the merged Axin2/EGFP+CD90+ cells in the lower right corner. Scale bar: 50 μm. All data are representative images from three separate experiments.](onc2017272f1){#fig1}

![Axin2+CD90+ cells in cirrhotic liver possess CSC-like properties. Hepatic Axin2+CD90+, Axin2+CD90− and Axin2−CD90− cells were sorted from human cirrhotic livers with aberrant autophagy. EGFP+CD90+, EGFP+CD90− and EGFP−CD90− hepatic cells were sorted from rat cirrhotic livers with aberrant autophagy at 4 weeks after the last diethylinitrosamine injection. Western blot, sphere and tumor formation assays were then performed to detect Sox2 and Oct4 expression levels and cancer stem cell properties in these cells. (**a**) Representative western blots (lower panel) and densitometric analysis (upper panel) for Sox2 and Oct4 expression normalized to β-actin. (**b**) Numbers of formed spheres. (**c**) Sizes of formed tumor xenografts. (**d**) Representative tumor xenografts in nude mice (denoted by arrow heads) and corresponding immunohistochemistry staining for α-fetoprotein (AFP) and cytokeratin 19 (CK19) expression, along with double immunofluorescence staining for Axin2/EGFP+CD90+ cells in xenografts. The dashed squares indicate the higher magnification images of the merged Axin2/EGFP+CD90+ cells. Scale bar: 50 μm. All data are representative images or are expressed as the means±s.e.m. of each group (*n*=4) from three separate experiments. \**P*\<0.05 vs Axin2+CD90− cells.](onc2017272f2){#fig2}

![The transition of Axin2+ cells into Axin2+CD90+ cells is dependent on aberrant autophagy in liver cirrhosis. Axin2Cre;Rosa26EGFP rats with non-autophagic or aberrant autophagic liver cirrhosis at 4 weeks after induction were administered with rapamycin or infected with vector lentiviruses or lentiviruses carrying Atg3/Atg7-shRNAs or were injected with chloroquine. Four weeks after treatment, liver autophagy influx was determined by western blot analysis. The presentation and quantitation of hepatic EGFP+CD90+ cells in liver tissues were determined by double immunofluorescence staining and flow cytometry. Induction of aberrant autophgay by rapamycin and inhibition of aberrant autophagy by shRNA interference or chloroquine, respectively, increased and reduced the numbers of hepatic EGFP+CD90+ cells in liver cirrhosis. (**a**) Representative western blot (left panel) and densitometric analyses (right panel) for autophagy influx in different livers tissues normalized to β-actin. (**b**) Double immunofluorescence staining (left panel) and quantitative percentages (right panel) for EGFP(Axin2)+CD90+ cells in different liver tissues. The dashed squares indicate the higher magnification image of merged EGFP+CD90+ cells. Scale bar: 50 μm. (**c**) Representative flow cytometry of hepatic EGFP+CD90+ cells (upper right quadrant) in different rat liver tissues. The percentages of double-positive cells are shown in the upper right quadrants of the representative flow cytometry graphs. All data are representative images or are expressed as the means±s.e.m. of each group (*n*=4) from three separate experiments. \**P*\<0.05 vs liver cirrhosis with shRNA-vector/vehicle.](onc2017272f3){#fig3}

![Autophagy-dependent HGF expression is required for the generation of Axin2+CD90+ cells in liver cirrhosis. All samples were first stratified according to the autophagy status in liver cirrhosis. HGF production significantly increased in samples from liver cirrhosis with aberrant autophagy. (**a**) The concentrations of cytokines were tested by enzyme-linked immunosorbent assay in serum from humans with healthy livers (*n*=8) and alcohol- (*n*=6), hepatitis B virus- (*n*=10) and hepatitis C virus-related liver cirrhosis (*n*=6) and from control rats or rats with liver cirrhosis at 8 weeks after the last diethylinitrosamine injection (*n*=4). Data are expressed as the means±s.e.m. of each group from three separate experiments. \**P*\<0.05 vs serum from subjects without aberrant autophagy in liver cirrhosis. (**b**) Western blot analysis (left panel) and immunofluorescence staining (right panel) for HGF expression in healthy human livers and cirrhotic liver samples. Scale bar: 100 μm. (**c**) Axin2Cre;Rosa26EGFP rats with non-autophagic or aberrant autophagic liver cirrhosis at 4 weeks after induction were administered with rapamycin or infected with vector lentiviruses or lentiviruses carrying Atg3/Atg7-shRNAs or HGF-shRNA or were injected with chloroquine. Four weeks after treatment, the autophagic flux and degradation of DNMT1 was analyzed by western blot. Western blotting (left panel) and immunofluorescence staining (right panel) showed that HGF expression was induced by rapamycin and inhibited by either chloroquine or transfection of Atg3/Atg7-shRNAs or HGF-shRNA. Scale bar: 100 μm. (**d**) Double immunofluorescence staining (left panel---dashed squares, scale bar: 50 μm; right panel---quantitative percentages) and (**e**) flow cytometry analysis showed that HGF knockdown by shRNA-HGF reduced hepatic EGFP+CD90+ cells in rat liver cirrhosis with aberrant autophagy. The percentages of double-positive cells are shown in the upper right quadrants of the representative flow cytometry graphs. The data are representative images or are expressed as the means±s.e.m. of each group (*n*=4) from three separate experiments. \**P*\<0.05 vs liver cirrhosis with shRNA-vector.](onc2017272f4){#fig4}

![Autophagy provides HGF/Met/JNK and HGF/Met/STAT3 signaling for the transition of Axin2+ cells into Axin2+CD90+ cells in liver cirrhosis. Axin2− cells and Axin2+ cells were sorted from different types of human cirrhotic livers that were first stratified according to autophagy status and HGF expression. The autophagy status, degradation of DNMT1 and HGF expression of the sorted cells were confirmed by western blotting. Met and β-catenin were significantly expressed in Axin2+ cells from all types of cirrhotic livers. However, Met, JNK and STAT3 were only significantly phosphorylated, and CD90 was exclusively expressed in Axin2+ cells with aberrant autophagy and HGF expression. (**a**) Representative western blots (upper panel) and densitometric analysis (lower panel) for LC3-II, P62, DNMT1, HGF, β-catenin, total-Met and CD90 normalized to β-actin and phosphorylated signaling molecules normalized to total signaling molecules in Axin2− cells and Axin2+ cells from healthy human livers (*n*=8) and from alcohol- (*n*=6), hepatitis B virus- (*n*=10) and hepatitis C virus-related cirrhotic livers (*n*=6). (**b**) Double immunofluorescence staining for Axin2 and CD90 in the above hepatic Axin2− and Axin2+ cells. Scale bar: 50 μm. Data are expressed as the means±s.e.m. or representative images of each group from three separate experiments. \**P*\<0.05 vs Axin2− cells from cirrhotic livers without aberrant autophagy.](onc2017272f5){#fig5}

![Generation of EGFP(Axin2)+CD90+ cells in liver cirrhosis requires activation of Met/JNK and Met/STAT3 signaling in EGFP(Axin2)+ cells through autophagy-dependent HGF. Transgenic rats with autophagic cirrhotic livers were transfected with lentiviruses carrying vector-siRNAs or HGF-siRNAs. Four weeks later, EGFP− and EGFP+ cells were sorted from the above treated autophagic cirrhotic livers and non-autophagic cirrhotic livers. The autophagy status, degradation of DNMT1 and HGF expression of the sorted cells were confirmed by western blotting. Met and β-catenin were significantly expressed in EGFP+ cells from all types of cirrhotic livers. However, Met, JNK and STAT3 were only significantly phosphorylated, and CD90 was exclusively expressed in EGFP+ cells with aberrant autophagy and HGF expression. Transfection of HGF-shRNAs significantly suppressed the expression of HGF and the phosphorylation of Met, JNK and STAT3 in EGFP+ cells with aberrant autophagy, further inhibiting CD90 expression. (**a**) Representative western blots (left panel) and densitometric analyses (right panel) of LC3-II, P62, DNMT1, HGF, β-catenin, total-Met and CD90 normalized to β-actin and phosphorylated signaling molecules normalized to total signaling molecules in EGFP− and EGFP+ cells from transgenic rat cirrhotic livers with or without transfection of HGF-shRNAs (*n*=4). (**b**) Immunofluorescence staining for CD90 in the above hepatic EGFP− and EGFP+ cells from transgenic rats. Scale bar: 50 μm. Data are expressed as the means±s.em. or representative images of each group from three separate experiments. \**P*\<0.05 vs EGFP− cells from cirrhotic livers without aberrant autophagy.](onc2017272f6){#fig6}

![Blockade of HGF/Met/JNK or HGF/Met/STAT3 signaling reduces the generation of Axin2+CD90+ cells in cirrhotic livers. Transgenic rats with autophagic cirrhotic livers received vehicle, SP600125 or stattic. After 4 weeks, EGFP+ cells were sorted from the above cirrhotic livers, and their aberrant autophagy and HGF expression levels were confirmed by western blotting. Treatment with SP600125 and stattic in cirrhotic livers abrogated JNK and STAT3 phosphorylation in sorted EGFP+ cells; however, HGF and β-catenin expression and Met phosphorylation were not influenced. Either JNK or STAT3 inhibition was capable of preventing CD90 expression in EGFP+ hepatic cells. (**a**) Representative western blots (left panel) and densitometric analysis (right panel) for LC3-II, P62, HGF, β-catenin, phosphorylated signaling molecules and CD90 normalized to β-actin and total signaling molecules in sorted EGFP+ hepatic cells. Data are expressed as the means±s.e.m. of each group (*n*=4) from three separate experiments. \**P*\<0.05 vs EGFP+ cells from cirrhotic livers with vehicle. (**b**) Immunofluorescence staining for CD90 in the above hepatic EGFP+ cells from transgenic rats. Scale bar: 50 μm. (**c**) Double immunofluorescence staining (upper panel---dashed squares, scale bar: 50 μm; lower panel---quantitative percentages) and (**d**) flow cytometry analysis for EGFP(Axin2) and CD90 in the above-described cirrhotic livers showed that the generation of EGFP+CD90+ hepatic cells was reduced by systemic treatment with SP600125 or stattic in rat liver cirrhosis with aberrant autophagy. The percentages of double-positive cells are shown in the upper right quadrants of the representative flow cytometry graphs. Data are representative images or are expressed as the means±s.e.m. of each group (*n*=4) from three separate experiments. \**P*\<0.05 vs liver cirrhosis with vehicle.](onc2017272f7){#fig7}

![Histology of rat cirrhotic livers at 4 weeks after different treatments. Rat cirrhotic livers with different autophagy status were determined by biopsy at 4 weeks after diethylinitrosamine induction. The rats were then administered with rapamycin, chloroquine, Atg3 and Atg7-shRNA lentiviruses or HGF-shRNA lentiviruses, or SP600125 and stattic for 4 weeks. After additional 4 weeks of observation, liver samples were collected to receive hematoxylin and eosin and Sirius staining. Scale bar: 200 μm. The non-autophagic cirrhotic livers with rapamycin and aberrant autophagic cirrhotic livers without treatment or with vehicle/vector treatment developed hepatocarcinoma. The hepatocarcinoma area was indicated by arrow heads. No single rat cirrhotic livers without aberrant autophagy and treatment or with chloroquine, Atg3 and Atg7-shRNA lentiviruses or HGF-shRNA lentiviruses, or SP600125 and stattic treatment developed hepatocarcinoma. Representative histological images of each group (*n*=4) from three separate experiments.](onc2017272f8){#fig8}
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